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INTRODUCTION _ 

This publication describes techniques for measurement of cardiac 
output, with emphasis on thermodilution methodology. The con¬ 
cept of measuring cardiac output in humans is attributed to Adolph 
Fick who, in 1870, postulated a technique that bears his name. For 
the next 100 years, cardiac output was measured by a variety of 
techniques, but only in specialized laboratory settings. Not until the 
introduction of the Swan-Ganz pulmonary artery catheter in 1971 
did thermodilution cardiac output measurement become widely 
available for routine patient care. Perhaps more than any other tech¬ 
nological development, the Swan-Ganz pulmonary artery catheter 
with thermodilution cardiac output capability catalyzed the begin¬ 
ning of modern critical care medicine. 


i 
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1.0 HISTORY AND OVERVIEW OF CARDIAC 

OUTPUT MEASUREMENT IN HUMANS 

1.1 Cardiac Output, Basic Concepts 

Cardiac output is the volume of blood pumped by the heart per 
unit time, usually expressed in liters per minute (1/min). 1 Blood 
flow is not constant, however. The heart operates as a pulsatile 
pump that ejects a bolus of blood, known as the stroke volume, 
with each cycle of contraction. Cardiac output (CO) is the stroke 
volume (SV) times heart rate (HR), 



CO = 

SV x HR 

where 

CO = 

cardiac output (1/min) 


SV = 

stroke volume, liters 


HR = 

heart rate (per minute). 


A complex set of interrelated physiological variables determine the 
magnitude of cardiac output, including the volume of blood in the 
heart (preload), the downstream resistance to ejecting blood from 
the heart (afterload), and the contractility of the heart muscle (Fig¬ 
ure 1.1). 

The metabolic requirements of the body also influence cardiac out¬ 
put. The integration of the heart and metabolic demand is facilitated 
by a complex network of nerves, the autonomic nervous system, that 
regulates the activity of the cardiovascular system (Figure 1.2). 2 
A variety of hormones also have important cardiovascular effects. 

The regulation of cardiac output is a complex affair. A single 
measurement of cardiac output represents the net effects of many 
interacting physiological systems. Cardiac output reflects not only 
the functional state of the heart but also the response of the entire 
circulatory system to physiological demands, including acute and 
chronic disease and the impact of therapeutic interventions. 3 

Basal cardiac output is related to body size and varies from ap¬ 
proximately 4 to 71/min in adults. To normalize the cardiac output 
for body size, the cardiac output may be divided by the body sur¬ 
face area, giving the cardiac index (Cl): 


3 




Figure 1.2 — The pumping function of the heart is 
regulated by a complex system of nerves known as 
the autonomic nervous system. 
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where 


CO 

BSA 


CO 

BSA 

cardiac index (normally 2.5 to 3.5 
1/min/m 2 ) 

cardiac output (1/min) 
body surface area (in square meters) 
obtained from a nomogram based on 
height and weight. 


1.2 Fick Technique 

The first technique for measuring cardiac output in humans was 
described by Adolph Fick in 1870. 4 Fick postulated (but never actu¬ 
ally made the measurement himself) that cardiac output could be 
calculated from the difference in oxygen content between the mixed 
venous (pulmonary artery) and arterial blood and the total body 
oxygen consumption (Figure 1.3): 5,6 

_ 0 2 consumption 

(A-V 0 2 A) 

where CO = cardiac output 

A-V 0 2 A = difference in oxygen content between 

mixed venous and arterial blood 
[(20-15) ml O 2 /100 ml blood] 

0 2 consumption = total body oxygen utilization (ml/min). 


0 2 consumption 


Oxygen content of venous or arterial blood is calculated as: 


where 


O? content = 


Hb 

%sat 


1.34 ml 0 2 /g Hb 


0.003 


Hb x %sat x 1.34 ml 0 2 /g Hb 
+ (0.003 x P0 2 ) 

hemoglobin concentration (g/dl) 

% saturation, the % of hemoglobin that 
is carrying oxygen 

maximum oxygen carrying capacity of 
hemoglobin at 100% saturation 
volume of dissolved oxygen per torr 
P0 2 (ml/torr) 

partial pressure of oxygen (torr). 





Figure 1.3 — The Fick method for determining cardiac 
output: Venous blood passes through the lungs, takes 
up oxygen, and returns to the body through the 
arterial circulation. By measuring the rate of oxygen 
uptake and the oxygen content of venous and arterial 
blood, the cardiac output can be calculated. Perform¬ 
ing these measurements requires an arterial and 
central venous catheter and a closed breathing circuit 
for the measurement of oxygen consumption. 
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Hemoglobin saturation is measured with a co-oximeter. Partial 
pressure of arterial oxygen (P a 0 2 ) and partial pressure of mixed ve¬ 
nous oxygen (P v 0 2 ) are measured with a blood-gas analyzer. Dis¬ 
solved oxygen is a negligible part of the total oxygen content, 
except when the hemoglobin concentration is extremely low. 

Oxygen consumption is determined by having the patient 
breathe into a circuit that allows the collection of all exhaled gas into 
a large bag. After about 3 minutes, the total volume of exhaled gas 
and the volume of oxygen in the bag are measured. The difference 
between the volume of oxygen in the exhaled gas and the volume of 
oxygen in a like volume of the inhaled gas (corrected to standard 
temperature and pressure) is the volume of oxygen consumed by 
the person, ordinarily about 250 ml/min for a 70 kilogram (kg) indi¬ 
vidual at rest. 

The Fick method for measuring cardiac output is considered the 
gold standard for the physiology laboratory. Severe limitations exist 
for the use of this technique in the clinical setting, however. Fre¬ 
quent measurements are impossible because of the time needed to 
collect gas for the determination of oxygen consumption. Cardiac 
output must remain constant during the period of gas collection for 
reliable results. The Fick method is most accurate when cardiac out¬ 
put is normal or reduced. High cardiac outputs are difficult to mea¬ 
sure accurately because the A-V 0 2 difference is small and minor 
errors in the determination of arterial and venous oxygen content 
result in large errors in cardiac output. 7 

1.3 Indicator Dilution Technique 

The indicator dilution technique (sometimes designated as the indi¬ 
rect Fick method) for determination of cardiac output was in¬ 
troduced by Stewart in 1897 s and modified by Hamilton in 1932. 9 A 
measurable substance is injected into the circulation and the con¬ 
centration of this substance is measured downstream from the in¬ 
jection site. The indicator mixes with blood and is thereby diluted. 
The extent of dilution, determined by measuring the downstream 
concentration, is inversely proportional to the blood flow. 10 A vari¬ 
ety of indicators have been used with this technique, including inert 
dyes, gases, hypertonic saline and cold saline or dextrose solution 
(thermodilution). 6 


7 





Figure 1.4 — The measurement of cardiac output by 
dye dilution requires a central venous and an arterial 
catheter. A bolus of dye, usually indocyanine green, is 
injected rapidly into the central venous circulation. 
Blood is withdrawn continuously from the artery and 
passes through a densitometer, which determines the 
concentration by spectrophotometry. 



_ . \ Time (seconds) 

Injection 


8 




Spacelabs Medical: CARDIAC OUTPUT 


1.4 Dye Dilution 

Dye dilution was a popular method for determination of cardiac 
output in physiology and cardiac catheterization laboratories prior 
to the use of thermodilution. In this method, a bolus of dye, usually 
indocyanine green, is injected rapidly into the venous circulation 
near the right atrium and the downstream concentration of dye is 
measured from a peripheral artery. A blood sample is withdrawn 
continuously from the artery and passed through a densitometer 
that determines the concentration by spectrophotometry (Figure 
1.4). A chart recorder produces a dye concentration versus time 
curve. The area under the curve is inversely proportional to cardiac 
output. The mathematical basis for the calculation of cardiac output 
from indicator dilution techniques is developed in Section 2.0. 

Like the Fick technique, dye dilution is not suitable for routine 
clinical use. Calibration of the dye densitometer is difficult, and re¬ 
peated determinations of cardiac output are limited by the accumu¬ 
lation of dye in the circulation. 11 

1.5 The Swan-Ganz Pulmonary Artery Catheter 
and the Thermodilution Technique 

Catheterization of the human heart began in 1929 when Forssman 
inserted a catheter into his own right atrium. Table 1.1 provides the 
significant events of the history of cardiac catheterization. The in¬ 
troduction of the Swan-Ganz balloon-tipped, flow directed catheter 
in 1971 has taken right heart catheterization and cardiac output 
determination out of the laboratory and into the intensive care unit 
and operating room. 12,13 

The Swan-Ganz pulmonary artery catheter is a multilumen 
catheter typically measuring 7 to 8 on the French scale (approx¬ 
imately 2 mm diameter) by 110 cm in length (pediatric sizes are 
smaller); see Figure 1.5. Near the tip is a thin-walled latex balloon 
that can be inflated by injection of gas (usually air) into the lumen 
of the catheter that is connected with the balloon. 

The inflatable balloon serves two important functions: (1) to al¬ 
low the catheter to be advanced into the pulmonary artery without 
using fluoroscopy, by floating the tip of the catheter along with the 
flow of blood through the right atrium, tricuspid valve, right ven¬ 
tricle, and pulmonic valve into the pulmonary artery; (2) once the 


9 
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catheter reaches the pulmonary artery, the balloon can be inflated to 
occlude the artery and allow the downstream pulmonary venous 
pressure (wedge or occlusion pressure) to be measured from the dis¬ 
tal lumen of the catheter. The proximal lumen of the catheter, located 
30 cm from the tip, is positioned near the right atrium and is avail¬ 
able for measurement of central venous pressure (CVP) and for in¬ 
jection of indicator solutions. A wire runs the length of the catheter, 
terminating in a thermistor 3.5 to 4.0 cm from the tip. This ther¬ 
mistor is used to determine cardiac output by thermodilution, a 
method that measures the temperature change caused by the injec¬ 
tion of a cold indicator solution into the right atrium. 

The introduction of the Swan-Ganz pulmonary artery catheter 
allowed cardiac output, for the first time, to be determined rou¬ 
tinely at the patient's bedside, in the intensive care unit, or in the 
operating room. 

Table 1.1 — History of Cardiac Catheterization and Measurement of Cardiac Output: 14 

Significant Events 


Year 

Event 

1844 

Bernard: First catheterization of right and left ventricle of the horse. 

1929 

Forssman: First catheterization of human right ventricle. 

1930 

Kline: Catheterization of the right ventricle in 11 patients and cardiac output measured by 
Fick method. 

1941 

Cournard and Richards: Right heart physiology. Nobel Prize work. 

1947 

Dexter: Congenital heart work. First use of pulmonary artery wedge position. 

1950 

Zimmerman and Lason: Retrograde left heart catheterization. 

1953 

Seldinger: Percutaneous technique for right and left heart catheterization. 

1959 

Ross: Transeptal left heart catheterization. 

1959 

Sones: Selected coronary arteriography. 

1970 

Swan and Ganz: Introduction of balloon-tipped, flow directed catheter for 
thermodilution cardiac output and pulmonary wedge pressure. 

1977 

Gruentzig: Transluminal coronary angioplasty. 


11 
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2.0 THERMODILUTION TECHNIQUE FOR 
_ CARDIAC OUTPUT DETERMINATION 

Cardiac output has been measured using a variety of techniques in 
which an indicator is injected into the circulation, and the subsequent 
dilution of the indicator is the basis for the determination of cardiac 
output. The dye dilution technique, described in Section 1.4, served 
as the only practical clinical measurement until the introduction of 
the Swan-Ganz pulmonary artery catheter made the thermodilution 
method widely available. The indicator for the thermodilution tech¬ 
nique is a cold fluid (colder than the patient's blood), usually saline 
solution or 5% dextrose in water (D5W), either iced (0 to 5° C) or 
room temperature. The cold liquid is injected via the pulmonary ar¬ 
tery catheter into the right atrium, where it mixes with venous blood 
and causes the blood to cool slightly (Figure 2.1). The cooled blood is 
ejected by the right ventricle into the pulmonary artery, where it 
passes a thermistor near the tip of the pulmonary artery catheter. The 
thermistor measures the change in blood temperature as the cooled 
blood travels past on the way to the lungs. The extent of cooling is in¬ 
versely proportional to cardiac output. 

2.1 Calorie Deficit of the Indicator Solution 

Ten milliliters of saline at 15° C has approximately 200 fewer calo¬ 
ries than at 35° C (blood temperature is assumed to be 35° C for the 
purpose of this example), one calorie representing the amount of 
heat required to raise the temperature of one ml of water by one °C. 
These 200 calories equal the calorie deficit of the indicator relative 
to the blood. Mixing cool saline with blood, of course, cools the 
blood. Because conservation of heat requires that the total heat 
must remain unchanged when two liquids mix, the temperature re¬ 
sulting from a mixture of saline (10 ml at 15° C) and blood (500 ml 
at 35° C) can be estimated as follows: 

(°C blood x ml blood) + (°C saline x ml saline) 

= °C mixture x ml mixture 

or (35° C x 500 ml) + (15° C x 10 ml) = °C mixture x 510 ml 
Solving for °C mixture: 
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Figure 2.2 — An analogy to thermodilution cardiac 
output determination: Blood at 35° C is flowing 
through a pipe. The blood first passes by a site for 
injection of thermal indicator, then past a thermistor. 
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Figure 2.3 — An example of the thermodilution 
method for determination of cardiac output: 
Saline, 10 ml at 15° C, is injected over 5 seconds 
into blood flowing at 6 liters/minute. The 
saline mixes with 500 ml of blood (6000 ml/min 
x 1/12 min = 500 ml), which is cooled from 
35° to 34.6° C. 

i 
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Figure 2.4 — With the thermodilution method of 
cardiac output determination, the cooled blood 
continues down the pipe to the thermistor, which 
registers a fall in temperature from 35° to 34.6° C, 
during the 5 seconds required for cooled blood to 
pass by the thermistor. 



°C mixture = 34.6 

This calculation is actually not totally correct, because blood and sa¬ 
line have similar but not identical heat capacities and densities. When 
two liquids of different temperatures mix, the temperature of the mix¬ 
ture depends on the volume, the heat capacity, the density, and the 
temperature of each liquid. The factors for heat capacity and density 
are introduced into the calculation of cardiac output in Section 2.3. 

2.2 Analogy to Thermodilution Cardiac Output 

An analogy for the principles of the thermodilution technique is a 
pipe with blood running through it (Figure 2.2). The blood has a 
temperature of 35° C and flows at a rate of 6 liters/minute (6000 
ml/min). Saline (10 ml at 15° C) is injected into the blood at a con¬ 
stant rate during a time interval of 5 seconds (Figure 2.3). The saline 
mixes with 500 ml of blood (1/12 min x 6000 ml/min = 500 ml) and 
this portion of blood cools to approximately 34.6° C. 

When the blood (500 ml at 34.6° C) reaches the thermistor, the 
thermistor temperature falls 0.4° C and then returns to 35° C, 5 sec¬ 
onds later (Figure 2.4). The change in temperature may be plotted 
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Figure 2.5 — In the thermodilution method of cardiac 
output determination, thermistor temperature is 
plotted versus time. A decrease in temperature is 
recorded as a positive deflection, by convention. The 
shaded portion of the graph represents the area under 
the temperature-versus-time curve, a rectangle 0.4° C 
by 5 seconds (2 degree-seconds). 
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Figure 2.6 — Reducing the blood flow through the 
pipe by half causes the area under the curve to double: 
Saline, 10 ml at 15° C, is injected over 5 seconds into 
blood flowing at 3 1/min (instead of 6 1/min). Now 
the saline mixes with only 250 ml of blood and cools it 
to 34.2° C. When the cooled blood passes the ther¬ 
mistor, the 0.8° C drop in temperature is registered for 
5 seconds to yield an area under the temperature- 
versus-time curve of 4 degree-seconds (instead of 2 
degree-seconds when flow was 6 1/min). 
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Figure 2.7 — The speed of injection of the cold indicator 
does not affect the area under the temperature-versus-time 
curve. In this example, saline, 10 ml at 15° C, is injected 
into blood flowing at 61/min, as in Figure 2.5. However, 
the injection is completed in 2 seconds instead of 5 
seconds. The saline mixes with only 200 ml of blood (6000 
ml/min x 1 /30 min = 200 ml) instead of 500 ml, cooling 
the blood to 34° C instead of 34.6° C. When the cooled 
blood passes the thermistor, a temperature drop of 1° C is 
recorded for 2 seconds. The area under the temperature- 
versus-time curve is 2 degree-seconds, the same as in 
Figure 2.5. 



Thermistor 
temperature (°C) 


34 ■a 


35 | 


area = 1.0°x 2 sec = 2 degree-seconds 


3 _i_i_i_i_I_i_i_i_i_I 

5 10 

Time (seconds) 

with respect to time (Figure 2.5). By convention, a decrease in 
temperature is plotted as a positive deflection. The area under the 
temperature-versus-time plot is the product of the change in 
temperature multiplied by the time interval (in this case, 0.4° C x 5 
seconds = 2 degree-seconds). The area under the temperature-ver¬ 
sus-time plot serves as a useful parameter because it is inversely 
proportional to the rate of blood flow. 

When the same saline indicator is injected into blood flowing at 
3 1/min instead of 6 1/min, the saline mixes with 250 ml of blood 
(1/12 min x 3000 ml/min) instead of 500 ml of blood (Figure 2.6). 
The temperature drop is now 0.8° C instead of 0.4° C, and the area 
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Figure 2.8 — A typical thermodilution curve: A drop 
in thermistor temperature is recorded as a positive 
deflection, by convention. The upstroke is rapid and 
the decline to baseline blood temperature is 
monoexponential. The area under the temperature- 
versus-time curve is inversely proportional to the 
blood flow or cardiac output. 



under the temperature-versus-time plot is 4 degree-seconds, twice 
as large as the previous example. 

The area under the temperature-versus-time plot is not affected 
by the speed of injection of the cold liquid. When the saline is in¬ 
jected into blood flowing at 6 1/min during a 2-second period in¬ 
stead of a 5-second interval, the saline mixes with 200 ml of blood 
(1/30 min x 6000 ml/min) instead of 500 ml of blood (Figure 2.7). 
The blood is then cooled to 34° C instead of 34.6° C. The thermistor 
registers the 1° C temperature drop for 2 seconds. The area under 
the curve remains 2 degree-seconds (1° C x 2 seconds), the same as 
with a 5 second injection period. The product of blood flow and the 
area under the temperature-versus-time plot is equal to the calorie 
deficit of the injected indicator fluid: 

Calorie Deficit = CO x JAT x dt 

where CO = blood flow (cardiac output) 

JAT x dt = area under the temperature-versus 
time plot. 

In the examples above, the product of blood flow rate and area 
under the temperature-versus-time plot was 200° C-ml, the calorie 
deficit of saline (10 ml at 15° C) relative to blood at 35° C. For ex¬ 
ample, 61/min x 1 min/60 seconds x 1000 ml/1 x 2 degree-seconds 
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= 200° C-ml or 200 cal, because cal = °C-ml (assumes that the den¬ 
sity and specific heat of saline and blood are identical whereas, in 
fact, they are slightly different). The blood flow is proportional to 
the calorie deficit of the indicator fluid divided by the area under 
the temperature-versus-time plot: 


CO = 

Calorie deficit 


JAT x dt 

where CO = 

Calorie deficit = 

JAT x dt = 

cardiac output 

difference in heat content between the 
indicator fluid and the blood 

area under the temperature-versus- 
time plot. 



Thus, if temperature and volume of the injected indicator are 
known and the area under the temperature-versus-time plot is mea¬ 
sured, the blood flow can be calculated. 

2.3 Actual Thermodilution 

Temperature-Versus-Time Curves 

Real thermodilution temperature-versus-time plots are curves, not 
square waves as shown in the previous analogy. This is primarily 
because the right ventricle does not completely empty with each 
contraction. Some cooled blood remains in the ventricle at the end 
of systole; this residual mixes with more blood as the ventricle re¬ 
fills. With each successive contraction, some of the remaining cold 
blood leaves the right ventricle and passes by the pulmonary artery 
catheter thermistor. Furthermore, most commercial thermistors do 
not respond instantaneously to a new temperature, but have a time 
constant of 250 to 500 msec, resulting in a smoothing of the tem¬ 
perature-versus-time curve (Figure 2.8). 

Even though the temperature curve no longer forms a square 
wave, the principle of conservation of heat still applies—i.e., the 
heat lost by the blood must equal the heat gained by the cold in- 
jectate (calorie deficit): 


Vinj x (T inj -T blood ) x C; n j x D; n j 
= CO x C blood x D blood x JAT x dt 
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= volume of injectate 
= temperature of injectate 
= baseline blood temperature 
= specific heat of injectate or blood 
(calories/g/°C) 

= density of injectate or blood (g/ml) 

= cardiac output (ml/sec) 

= area under temperature-versus-time 
curve (°C x seconds). 

Solving the equation for cardiac output yields the Stewart- 
Hamilton equation: 15,16 

£Q _ Vjnj X (Tinj T b ] ooc j) X Cj n j X Dj n j 

C blood X D blood X JAT X dt 

2.4 Correction for injectate Warming 

The Stewart-Hamilton equation assumes that no heat exchange oc¬ 
curs between the injected indicator solution and the pulmonary ar¬ 
tery catheter. However, this is not a valid assumption because the 
cold indicator tends to gain heat as it passes through the pulmonary 
artery catheter, which is relatively warm. 

Between the site of injection of the indicator and the point where 
the catheter enters the patient, the temperature of the catheter re¬ 
flects ambient room temperature. The portion of catheter within the 
patient's body reflects the patient's core temperature. When a cold 
indicator is injected into a pulmonary artery catheter that is in ther¬ 
mal equilibrium with its surroundings, the first fluid to enter the 
right atrium is the warm fluid already in the catheter (the residual 
volume is <1 ml). The cold injectate then enters the right atrium, 
having warmed slightly during transit through the pulmonary ar¬ 
tery catheter. The volume of cold injectate reaching the right atrium 
is reduced by the residual volume of the catheter. At the end of the 
injection, the plastic material of the pulmonary artery catheter has 
cooled and the catheter lumen is full of cold injectate. 

Thus, the actual amount of thermal indicator that reaches the right 
atrium is reduced by the warming which takes place in the pulmo¬ 
nary artery catheter and by the residual volume of the catheter. The 
first bolus of a rapid series of injections is most affected by this phe- 


where 


V 

v mj 

T 

A mj 

Tblood 

c c 

^inj/ ^blood 


Dini/ D, 


'in y 


blood 


CO 
/AT x dt 
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nomenon because the fluid in the catheter is nearest to thermal equi¬ 
librium with the patient. Subsequent closely spaced injections are 
less affected because the pulmonary artery catheter and its residual 
fluid are still cold from the previous boluses of cold indicator. 

A variety of tactics have been used to minimize the thermal ef¬ 
fects of the catheter on the injected indicator. One method employs 
aspiration of the fluid in the catheter immediately before and after 
an injection. 17 This technique provides for the most consistent trans¬ 
fer of cold, but it is quite cumbersome. Another procedure discards 
the first of a series of injections, because the greatest loss of thermal 
indicator occurs during the first bolus, which would result in an 
overestimation of true cardiac output. 

Manufacturers of pulmonary artery catheters have empirically 
determined the extent of heat transfer from the catheter to the cold 
indicator under specified conditions. 13 A correction factor (F) that is 
based upon such data was incorporated into the version of the 
Stewart-Hamilton equation introduced by Ganz and Swan, 18 and 
appears in the software of all commercially available thermodilu¬ 
tion cardiac output computers: 

_ Vin| X (T m] Tbiood) ^ Ginj ^ ^ F 

Cbiood x D blood x JaT X dt 

where F = correction factor. 

The factor F can be considered the fraction of the calorie deficit in 
the injectate that reaches the thermistor during a cardiac output de¬ 
termination and is always less than 1. 

The correction factor used to account for the warming of the 
injectate must be measured separately for each brand of catheter be¬ 
cause of differences in catheter tubing material, lumen size, and wall 
thickness. Correction factors are empirical and are determined under 
specific conditions. Typical examples of these conditions include: 

■ 25 to 45 cm portion of catheter inside the patient. 

■ Injections made every 1 to 2 minutes. 

■ The cardiac output determined from the initial injection of a se¬ 
ries is discarded. 

■ 2.5 to 5.0 ml/sec rate of injection (10 ml in 2 to 4 seconds). 
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■ A narrow range of injectate temperature, either iced (0 to 4° C) or 
room temperature. 

■ Specified injectate volume of either 3 ml, 5 ml, or 10 ml. 


Calculation of Cardiac Output by Computer 

Commercially available thermodilution cardiac output computers 
use the Stewart-Hamilton equation. The six constants V inj , C inj , D inj , F, 
Cbiood/ and D blood are combined with the proportionality constants 60 
sec/min and 1 liter = 1000 ml into a single constant (with units of 1 
liter-sec/min), which is commonly referred to as the computation 
constant: 

co _ Vinj X C inj X D inj x F x 60 sec/min x 1 1/1000 ml (T inj - T blood ) 

Cbiood x D blood JAT x dt 


where 


CO 

Vinj 



D^j 


F 


c 

D 


blood 

blood 


cardiac output (1/min) 

3 ml, 5 ml, or 10 ml 

0.965 calories/g/°C (D5W; saline is 0.997, 
a small difference which is ignored) 

1.018 g/ml (D5W; saline is 1.005, a 
small difference which is ignored) 
depends upon specific conditions; ranges 
from 0.865 to 0.938 for 10 ml injectate 
volume 

0.87 calories/g/°C 
1.045 g/ml. 


The computation constant appears in the specific pulmonary ar¬ 
tery catheter package insert. Different constants exist for iced and 
room temperature injectate (F varies) and for 3 ml, 5 ml, and 10 ml 
injectate volumes (V inj varies). The appropriate constant is entered 
into the cardiac output computer by the operator. 

The variables in the Stewart-Hamilton equation that must be 
measured, therefore, are T inj , T blood and JAT x dt: 

CO = Combined Constant x —lyood) 

JAT x dt 
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When the operator initiates a cardiac output determination, the 
computer begins to monitor the temperatures of the pulmonary ar¬ 
tery and injectate thermistors. Injectate temperature is measured at a 
single point in time, usually by a specific injectate thermistor located 
directly in the injectate fluid pathway (see Section 3.2). The baseline 
blood temperature is recorded by the pulmonary artery catheter 
thermistor. Baseline blood temperature is averaged over a 2-second 
period to smooth out fluctuations that commonly occur due to ven¬ 
tilatory variation in pulmonary artery blood temperature. 

The area under the temperature-versus-time curve (JAT x dt) is 
determined by electronic integration. The downsloping portion, or 
tail, of the curve declines exponentially 6,10 and must be integrated to 
an infinite time (°°). Because temperature is not actually measured 
for an infinite time, the area under the tail of the curve must be cal¬ 
culated based on the exponential nature of the decline in tempera¬ 
ture. Several different algorithms exist for this purpose. One 
method determines the time constant (K) for the exponential de¬ 
cline (Figure 2.9). The area under the tail is then calculated by: 


where 


AUC tail 

AUCtai, 

T 


= TxK 


K = 


area under the temperature-versus-time 
curve for the tail portion of the curve 
temperature deflection at the designated 
starting point of the tail portion of the 
curve 

time constant for monoexponential 
decline of temperature. 


The area under the tail of the curve is added to the area under the 
curve which precedes the tail portion to give the total area under 
the curve. A common algorithm begins calculating the tail at the 
point where the temperature deflection declines to 30% of peak 
value (Figure 2.9). 

Another method used to determine area under the tail portion of 
the temperature-versus-time curve considers the empirical fact that, 
on the tail portion of the curve, the area between 75% and 37.5% of 
the maximum deflection is equal to the area from 37.5% of the 
maximum deflection to infinity. Integration of the area under the 
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Figure 2.9 — An algorithm for calculating the area 
under the tail of the temperature-versus-time curve. 
The area of the tail of the curve (shaded) must be 
calculated from the time constant (K) for the 
monoexponential decline of temperature. The com¬ 
puter determines the time constant between 80% and 
30% of the peak temperature deflection. The area of 
the tail is the time constant, K, times 30% of the peak 
temperature deflection. 



curve between 75% and 37.5% of maximum deflection, multiplied 
by two, yields the area under the curve from 75% of the maximum 
deflection to infinity. 

2.6 Continuous Thermodilution Cardiac Output 

In principle, heat could be used as a thermodilution indicator instead 
of cold. Incorporation of a heating filament into a pulmonary artery 
catheter has been proposed as a method to introduce heat without 
the need to inject fluid. However, the filament surface temperature 
must be limited (a maximum temperature of 44° C has been recom¬ 
mended) 19 in order not to cause thermal damage to blood or tissues. 
Because the amount of heat that can be introduced safely is relatively 
small, the "signal to noise" ratio is quite low. The normal variations 
in pulmonary artery blood temperature that occur with the respira¬ 
tory cycle contribute to the "noise" level (Section 3.1). A solution to 
the "signal to noise" problem has been attempted by the use of sto¬ 
chastic techniques in which heat is supplied to a catheter-mounted 
filament according to a pseudorandom binary sequence. 20 With this 
approach, Yelderman and co-workers developed the means to deter- 
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mine thermodilution cardiac output "continuously," using heat from 
a catheter-mounted filament as the indicator. The displayed cardiac 
output is updated every 30 seconds based on the average output of 
the previous 3 to 6 minutes. The correlation coefficient between this 
technique and conventional thermodilution cardiac output, deter¬ 
mined from bolus injection of cold indicator fluid, was r = 0.94. 21 

2.7 Right Ventricular Ejection Fraction by 
Thermodilution 

The possibility of determining ventricular volumes and ejection 
fraction by thermodilution has been recognized for many years. 22 
When a rapid-response thermistor is employed to measure pulmo¬ 
nary artery temperature, the downslope of the washout curve ap¬ 
pears as a series of small steps rather than a smooth curve, each 
step corresponding to an individual heart beat. Each successive 
change in temperature represents ejection of progressively warmer 
blood from the right ventricle as cold indicator is diluted with 
warmer blood flowing in from the right atrium. The ratio between 2 
successive steps estimates the fraction of ventricular end-diastolic 
volume that remains after systole, the "residual fraction" (RF) (see 
Figure 2.10). Ejection fraction (EF) is calculated as: EF = 1 - RF. Right 
ventricular stroke volume (SV) is calculated by dividing the cardiac 
output (determined by thermodilution) by heart rate: SV = CO/HR. 
Right ventricular end-diastolic volume (EDV) is then calculated by 
dividing stroke volume by ejection fraction: EDV = SV/EF. Right 
ventricular end-systolic volume (ESV) is calculated by subtracting 
stroke volume from end diastolic volume: ESV = EDV - SV. 22 

There are certain limitations to the accuracy of this technique. In¬ 
tracardiac shunting, tricuspid regurgitation, or irregular heart 
rhythms can produce errors. Embedding a rapid-response ther¬ 
mistor in a pulmonary artery catheter slows the response time. The 
thermistor must respond completely to a change of temperature 
within the interval between heart beats. The error caused by failure 
of the thermistor to equilibrate, underestimation of ejection fraction, 
is magnified at higher heart rates. Thus, computer algorithms for 
calculating ejection fraction and ventricular end-diastolic volume 
must compensate for the effect of heart rate. 23 


25 




Figure 2.10 — Method for calculating ejection fraction 
by thermodilution. A fast response thermistor is used. 
The plateaus on the downsloping portion of the curve 
represent cardiac diastole. T,, T y and T 3 are the dif¬ 
ferences between baseline temperature (T B ) and the 
temperature during diastole of three successive heart 
beats. 


EF = Ejection Fraction 
EF = 1-RF 

RF = Mean Residual Fraction 



The accuracy of right ventricular ejection fraction determined by 
thermodilution has been tested by comparison to other methods, such 
as ventricular angiography and radionuclide imaging techniques. The 
reported correlation coefficients, while statistically significant, do not 
generally approach unity (r ranged from 0.45 to 0.85). 23 

The clinical utility of measuring right ventricular ejection frac¬ 
tion at the bedside is unclear. Treatment of clinical conditions that 
place a stress on the right ventricle, such as pulmonary hyperten¬ 
sion, adult respiratory distress syndrome (ARDS), and myocardial 
infarction involving the right ventricle, might be enhanced by mea¬ 
suring right ventricular function by thermodilution. 

3.0 ACCURACY OF THERMODILUTION 

CARDIAC OUTPUT: COMMON PROBLEMS 
_ AND SOURCES OF ERROR _ 

The overall accuracy and reproducibility of thermodilution cardiac 
output has been verified repeatedly by comparison to other tech¬ 
niques, including the Fick method, dye dilution, and electromagnetic 
flow measurement (Figure 3.1). Variation of serial thermodilution 
cardiac output measurements is generally 5% or less under ideal cir¬ 
cumstances and correlation to other standard techniques results in 
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correlation coefficients of greater than 0.9. 24 Since the error of a single 
determination of cardiac output may be somewhat larger than 5%, 
the usual practice is to average the results of three cardiac output de¬ 
terminations (typically 10 ml of room temperature solution injected 
at a constant rate during a 2-4 second period). If injectate volumes of 
less than 10 ml are used, the solution should be iced. To obtain opti¬ 
mal results one must be aware of pitfalls that may result in relatively 
larger errors. 

3.1 Timing the Thermodilution Injection During 
the Ventilatory Cycle 

Thermodilution cardiac output measurement relates to the ventila¬ 
tory cycle in at least two distinct ways. First, baseline pulmonary ar¬ 
tery temperature undergoes cyclic variation with the ventilatory 
cycle. Second, the stroke volume (CO = SV x HR) varies during the 
ventilatory cycle, probably because of changes in venous return and 
right ventricular afterload. 

The calculation of thermodilution cardiac output depends on the 
difference between baseline pulmonary artery blood temperature 
and injectate temperature (T inj - T blood ). Studies in animals and hu¬ 
mans have demonstrated phasic variation in pulmonary artery tem¬ 
perature that relates to the ventilatory cycle. 25 The temperature of 
venous blood varies in different regions of the body. The proportion 
of blood from each region entering the vena cava fluctuates with 
the ventilatory cycle, resulting in cyclic temperature variation in the 
right atrium and pulmonary artery (Figure 3.2). The magnitude of 
these temperature changes occurs in the range of 0.01 to 0.10° C, re¬ 
sulting in artifact (noise) in the determination of baseline blood 
temperature (T blood ) and introducing the possibility of a small error 
in the measurement of cardiac output. 

The signal-to-noise ratio can be improved by maximizing the dif¬ 
ference in temperature between blood and injectate. Wessel has esti¬ 
mated that two- to three-fold improvement occurs in signal-to-noise 
ratio by the use of iced injectate (0 to 4° C) instead of room tempera¬ 
ture injectate. 26 However, in clinical practice this is not a crucial con¬ 
sideration, provided the volume of room temperature injectate is 
not less than 10 ml. Elkayam and colleagues studied critically ill pa¬ 
tients in the intensive care unit and found that 10 ml of room tem- 
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Figure 3.1 — The correlation between Fick or dye 
dilution cardiac output and thermodilution cardiac 
output has been examined repeatedly. This figure 
summarizes the results of 13 different studies. The 
regression line for the linear relationship between 
thermodilution and Fick or dye dilution cardiac 
output technique is plotted for each study. The dark 
line represents the average of the results of all of these 
studies and has a slope equal to 1. 
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Fick or dye dilution cardiac output 
(liters/minute) 

perature injectate gave results comparable to 10 ml or 5 ml of iced 
injectate. 27 The use of 5 ml of room temperature injectate was associ¬ 
ated with a substantial reduction in reproducibility of cardiac out¬ 
put measurements. 

The effect of variation in baseline temperature for cardiac output 
determination can also be minimized by timing each injection to 
start at the same point in the ventilatory cycle. Several studies have 
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Figure 3.2 — Pulmonary artery temperature varies 
slightly with the respiratory cycle, as shown in this 
illustration of a patient breathing spontaneously. The 
upper tracing records respiration, while the lower 
tracing represents the simultaneous pulmonary artery 
temperature. 



documented improved reproducibility of cardiac output de¬ 
terminations performed in this fashion. 28,29 

Timing of thermodilution injection is further complicated by the 
fact that stroke volume may change with respiration. Snyder and 
Powner found that stroke volume and thermodilution cardiac out¬ 
put varied substantially during the ventilatory cycle in me¬ 
chanically ventilated dogs, presumably because of changes in 
venous return and right ventricular afterload. 30 Therefore, timing 
each injection to the same point in the ventilatory cycle could be 
misleading because the true cardiac output is the average output 
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Figure 3.3 — The most accurate method for measur¬ 
ing injectate temperature is at the point of injection 
using the apparatus shown. The injectate fluid is 
drawn from a bag into a syringe through a length of 
tubing and a one-way valve. When the fluid is 
injected, it flows past a thermistor that is placed 
directly in the fluid pathway, between the syringe and 
the pulmonary artery catheter. The thermistor is 
connected to the cardiac output computer, which 
measures that temperature and enters the data into 
the algorithm for computing cardiac output. 



30 














1^ Spacelabs Medical: CARDIAC OUTPUT 


during the entire ventilatory cycle. These authors recommend that 
cardiac output be determined by the mean of several values mea¬ 
sured at “regularly spaced intervals through the ventilation cycle." 

The timing of thermodilution injection relative to the ventilatory 
cycle remains a remarkably complex physiological problem. How¬ 
ever, in clinical practice, detection of significant changes in cardiac 
output is more important than a few percentage points of error in 
the measurement itself. Performing the injection in the same way 
each time cardiac output is determined is most important in accu¬ 
rately tracking alterations in cardiac output. Reasonable options for 
consistent timing of injection include: 

■ Inject at the end of expiration or at some other constant point in 
the ventilatory cycle. 

■ Make several injections at random times with respect to the ven¬ 
tilatory cycle and average the results. 

3.2 Measurement of Injectate Temperature 

Current technology allows the accurate measurement of injectate 
temperature at the point of injection (Figure 3.3). In the past, a tem¬ 
perature probe, connected to the cardiac output computer, was 
placed into an iced bath containing the syringes of injectate. How¬ 
ever, this practice resulted in several problems. The temperature in 
the ice bath varies with the level at which the probe is placed; thus 
the probe should be inserted at the same level as the syringes. Be¬ 
cause the probe measures the temperature of the bath, and not of the 
syringes themselves, the syringes must remain in the bath long 
enough to equilibrate. 24 Plastic 10 ml syringes filled with 5 ml of D5W 
at room temperature require approximately 60 minutes to reach 
steady state in an ice bath at 0 to 30° C (Figure 3.4). 24 Cold syringes 
begin to warm immediately when removed from the ice bath and 
handled prior to injection. However, this rewarming is relatively in¬ 
significant (about 0.5° C) if injection occurs within 30 seconds. 31 

3.3 Pulmonary Artery Thermistor Position 

Thermal gradients can exist between blood flowing in the center of 
an artery compared to blood flowing near the vessel's edge, the lat¬ 
ter being more affected by the thermal properties of the vessel 
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Figure 3.4 — In the past, syringes containing injectate 
for thermodilution cardiac output were cooled in an 
ice bath. The injectate temperature was measured 
indirectly by a thermistor placed in the ice bath. As 
shown in this illustration, an hour or more is required 
to reach temperature equilibrium between the 
syringes and the ice bath. If the syringes are used 
pTior to equilibrium, a significant error can occur 
since the actual injectate temperature will be higher 
than the temperature measured in the ice bath. 



wall. 32 The ideal position for the thermistor, to most accurately de¬ 
tect temperature changes caused by the injectate, is near the center 
of the vessel. In clinical practice, thermistor positions between the 
pulmonary valve and peripheral pulmonary artery branches pro¬ 
duce comparable thermodilution cardiac output results, as long as 
the pulmonary artery pressure trace is not damped, which indicates 
that the catheter tip may be in contact with the vessel wall. 33,34 The 
absence of damping is determined by visual inspection of the pul¬ 
monary artery pressure trace. 35 
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Figure 3.5 — Rapid intravenous infusion of fluids can 
cause errors in thermodilution cardiac output determi¬ 
nation. Shown here is the effect of infusing room 
temperature or warmed fluids into a peripheral intra¬ 
venous line just prior to injection of the thermodilution 
indicator fluid. The measured cardiac output is signifi¬ 
cantly less than cardiac output determined under control 
conditions. The intravenous fluid cools the pulmonary 
artery thermistor, just as the thermistor modulation 
injectate does, resulting in a larger area under the 
thermodilution temperature-versus-time curve, and a 
smaller calculated cardiac output. 



Room temperature 


Warmed 


3.4 Speed of Injection 

Although speed of injection does not appear as a discrete variable 
in the Stewart-Hamilton equation, it may have some effect on the 
empirical correction factor F because it affects heat transfer between 
the injectate and the catheter. However, Pavek compared injection 
at a constant rate of 1 to 2 ml/sec to a bolus delivered as fast as pos¬ 
sible (instantaneous) and found no significant difference between 
the methods. 33 Swan and Ganz found that F was independent of in¬ 
jection rate between 2 and 4 seconds total injection time. 18 Thus, 
within these practical limits, speed of injection is not critical in 
thermodilution cardiac output measurements. While the exact speed of 
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Figure 3-6 — Intracardiac shunts can result in errors 
in cardiac output determination. The thermodilution 
or dye dilution curves under these conditions have an 
abnormal appearance. Compare the normal thermo¬ 
dilution and dye curves (top) to the curves obtained 
from patients with tricuspid regurgitation (center) or 
ventricular septal defect (bottom). The curve from the 
patient with tricuspid regurgitation is broad because 
blood in the right ventricle is injected into the right 
atrium as well as the pulmonary artery, causing the 
thermal or dye indicator to remain in the atrium and 
ventricle longer than usual. The downslope of the 
thermodilution curve from the patient with a ven¬ 
tricular septal defect is delayed because of recircula¬ 
tion of thermal indicator through the septal defect. 
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Ventricular septal defect 
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injection appears relatively unimportant, care should be taken that the 
injection rate remains constant. Because computer algorithms rely on 
the exponential decline of the thermodilution curve, uneven injection 
may result in erroneous calculations (see Section 2.5). Carbon dioxide- 
powered injection devices or guns deliver injectate at constant flow 
rates but are not necessary in routine clinical practice. 

3.5 Artifacts Caused by Intravenous 
Fluid Administration 

Wetzel and Latson demonstrated that bolus intravenous (IV) ad¬ 
ministration of room temperature or warmed fluids into an arm just 
prior to injection of thermodilution injectate caused a 20 to 80% re¬ 
duction in the apparent cardiac output reading, from control values 
of cardiac output (Figure 3.5). 36 The magnitude of error was greatest 
with cold fluid boluses. Presumably, this error occurs because the 
rapid administration of intravenous fluid causes cooling of the ther¬ 
mistor, which combines with the cooling caused by the injectate and 
results in a larger area under the thermodilution temperature curve 
and a smaller calculated cardiac output. This type of error can hap¬ 
pen easily in the critical care environment, especially the operating 
room, where intravenous fluids are commonly infused rapidly. 
Rapid administration of intravenous fluids might also cause errors 
because of instability of baseline pulmonary artery temperature. 

3.6 Bad Curves 

Visual inspection of the shape of the thermodilution curve should 
be routine because it can quickly reveal a variety of errors. The nor¬ 
mal curve is smooth and is characterized by a rapid upstroke fol¬ 
lowed by a slower, exponential return to baseline. Cardiac output 
determinations associated with irregular curves or with unstable 
baselines should be discarded. 

Two cardiac structural abnormalities that result in unreliable car¬ 
diac output determinations are tricuspid insufficiency and ventricu¬ 
lar (or atrial) septal defects. 37 The thermodilution curve recorded 
from a patient with tricuspid insufficiency tends to be broad and 
flat because of the delay in washout of injectate from the site of in¬ 
jection in the right atrium into the pulmonary artery. A ventricular 
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septal defect produces a prolongation of the downsloping portion 
of the curve due to recirculation of cooled blood through the septal 
defect (Figure 3.6). 

An electrosurgical unit (ESU) emits radio frequency energy that 
can disrupt or scramble the thermodilution temperature curve and 
result in wildly inaccurate results (Figure 3.7). Such a disruption 
can cause major problems for the anesthesiologist measuring car¬ 
diac output intraoperatively. The effect of an ESU becomes readily 
apparent by inspection of the thermodilution temperature curve, 
another reason for the routine display of the curve. During cardio¬ 
pulmonary bypass for cardiac surgery, marked hypothermia (20 to 
32° C) is commonly induced to cool the heart and reduce the meta¬ 
bolic demand for oxygen. The patient is rewarmed prior to restart¬ 
ing the arrested heart and discontinuing bypass. Immediately 
following discontinuation of cardiopulmonary bypass, dramatic in¬ 
stability of the baseline pulmonary artery temperature may occur 
which effectively precludes the accurate determination of cardiac 
output. Presumably, this happens because of significant variation in 
the temperature of blood returning to the heart from regions of the 
body that have not fully rewarmed. The shape of the temperature 
curve therefore appears erratic. 

4.0 THE USE OF ULTRASOUND FOR CARDIAC 
_ OUTPUT MEASUREMENT _ 

Ultrahigh frequency sound (ultrasound) can be used to measure the 
velocity of blood flow in the ascending aorta by application of the 
Doppler principle. 38 If the cross-sectional area of the aorta is known, 
or can be measured, the blood flow rate can be calculated simply as: 

Blood Flow = velocity (cm/sec) x area (cm 2 ) 

= cm 3 /sec = ml/sec x 1/1000 ml x 60 sec/min 
= 1/min 

The blood flow in the ascending aorta is identical to cardiac output 
minus the quantitatively negligible flow to the coronary arteries. 
The equation above is an oversimplification because blood flow in 
the aorta is not constant but pulsatile and blood velocity in the aorta 
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Figure 4.1 — The ultrasonic Doppler shift flow meter: 
Sound is generated by the transmitting crystal and 
reflected from moving red blood cells to the receiving 
crystal. The shift in frequency (Doppler shift) is 
directly proportional to the velocity of blood flow. 
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varies during the cardiac cycle. Ultrasound cardiac output devices 
actually measure the stroke volume by integrating blood velocity 
during cardiac systole: 


where 


sv = 

CSA x J VET V (t) dt 

sv = 

stroke volume 

CSA = 

cross-sectional area of the aorta 

VET = 

ventricular ejection time 

V = 

blood velocity. 


Stroke volume is then multiplied by the heart rate to give cardiac output. 

The Doppler principle describes a shift in sound frequency that 
occurs when sound emitted from a stationary transducer reflects off 
a moving object and returns to the transducer (Figure 4.1). The shift 
in frequency is directly proportional to the velocity of blood flow. 
The moving objects in the case of blood flow measurement are the 
red blood cells. Velocity is calculated from the Doppler equation: 
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Figure 4.2 — (a) Endotracheal tube with ultrasound probe at 
its tip for measurement of blood velocity in the pulmonary 
artery. Preoperative determination of aortic diameter above 
the sinus of valsalva by pulsed A-mode ultrasonography. 

(b) The modified esophageal stethoscope is inserted and 
adjusted for optimal ultrasonic transmission and reception. 
Descending aortic blood velocity is continuously deter¬ 
mined. (c) Cardiac output is determined by measuring with 
the suprasternal probe the ascending aortic load velocity. 
The monitor then calculates the constant proportionality 
factor by dividing the cardiac output by the descending 
aortic blood velocity, (d) The esophageal probe continually 
measures descending aortic blood velocity, and the monitor 
displays cardiac output as a function of the proportionality 
factor multiplied by the descending aortic blood velocity. 
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V 

C x Fd 


2F 0 x cos0 

where 

C = 

speed of sound 


Fd = 

frequency shift 


F 0 = 

frequency of the emitted sound 


e = 

angle between the emitted sound and 
the moving object. 


Recently, ultrasound probes have been incorporated into a vari¬ 
ety of instruments that measure cardiac output. The main advan¬ 
tage of such devices, assuming their reasonable accuracy, is that 
they do not require intravascular placement. These devices also of¬ 
fer the possibility of continuous measurement of cardiac output. 

Blood velocity in the ascending aorta can be measured by a 
probe that is held in the operator's hand and positioned just above 
the sternal notch. 38 Blood velocity in the descending aorta can be 
measured by a probe attached to an esophageal stethoscope (Figure 
4.2). 39,40 A probe attached to an endotracheal tube can determine 
blood velocity in the pulmonary artery. 41,42 When compared to stan¬ 
dard thermodilution measurement of cardiac output, these instru¬ 
ments yield variable results, with correlation coefficients ranging 
from r = 0.63 to 0.91. 40,43,44 A variety of problems account for their 
relatively poor accuracy. 

The cross-sectional area of the aorta (or pulmonary artery) can be 
measured by echo techniques but this is seldom practical in the 
clinical setting. Average human dimensions for the aorta are avail¬ 
able from nomograms that consider sex, age, height, and weight, 
but individual patients may vary considerably from the average. 
Thus, the lack of precise cross-sectional area of the particular blood 
vessel remains a significant potential source of error. 

In addition, the angle theta cannot be known precisely, which 
represents another source of error. Moreover, the ultrasound probe 
can move during use, causing theta to vary. 

Because of problems with accuracy, determination of cardiac out¬ 
put by ultrasound has remained elusive. A recent attempt to over¬ 
come these problems employed a modified pulmonary artery 
catheter with three additional ultrasound transducers that measured 
pulmonary artery diameter and blood velocity. 45 The correlation be- 




Figure 5.1 — Electrode placement for cardiac output 
measurement by thoracic bioimpedance. 



tween ultrasound and thermodilution cardiac output with this in¬ 
strument was r = 0.73. This device offers the advantage of continuous 
measurement of cardiac output by ultrasound during the intervals 
between thermodilution cardiac output determinations. Presumably, 
this instrument would allow calibration of ultrasound cardiac output 
using thermodilution cardiac output as the standard. 

5.0 DETERMINATION OF CARDIAC OUTPUT 
_ BY BIOIMPEDANCE _ 

In 1974, Kubicek and co-workers published a method for determin¬ 
ing stroke volume by thoracic bioimpedance. 46 A complex concept, 
this technique is based upon the observation that resistance to a 







current passed through the chest varies with thoracic aortic blood 
flow. Four pairs of surface electrocardiograph (ECG) electrodes are 
placed on the neck and chest (Figure 5.1). A constant, low ampli¬ 
tude, high-frequency alternative current is applied to two sets of 
electrodes, while the other two sets of electrodes are used to mea¬ 
sure voltage changes. Kubicek and colleagues proposed the follow¬ 
ing equation to calculate stroke volume: 


SV = pt x L 2 /Z 0 2 x T lve x (dZ/dt) max 


where SV 

Pb 

L 

Z 0 


T 

(dZ/dt) 


LVE 

max 


stroke volume 

resistivity of blood (ohm x cm) 
electrical length of the thorax (cm) 
mean baseline impedance of the thorax 
(ohm) 

left ventricular ejection time (sec) 
maximum value of the first derivative of 
Z, where Z is the change in impedance 
caused by thoracic aortic blood flow. 


The equation developed by Kubicek and co-workers has been 
modified recently by Bernstein: 47 

5 x (0.17H) 3 x T lve x (dZ/dt) max 

4.2 x Z 0 

= correction factor for patient weight 
= patient height (cm). 

Application of the thoracic bioimpedance techniques has been disap¬ 
pointing because the correlation to thermodilution appears generally 
poor. 40 A completely noninvasive and continuous bioimpedance car¬ 
diac output monitor would be an attractive alternative to thermo- 
dilution, but only if the problems of accuracy can be solved. 


where 


SV 


5 

H 


42 
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Figure 6.1 — Calculated relationship between cardiac 
index (Cl) and Sv0 2 at constant oxygen consumption 
and arterial oxygen content. 



Sv0 2 (%) 


6.0 MIXED VENOUS OXYGEN SATURATION 
_ AND CARDIAC OUTPUT _ 

The Fick equation (see Section 1.2) states that cardiac output may be cal¬ 
culated by dividing total body oxygen consumption by the difference be¬ 
tween arterial and mixed venous (pulmonary artery) oxygen content: 

£0 _ 0 2 consumption 

(A-V 0 2 A) 

The oxygen content of blood (either arterial or venous) is determined 
by the hemoglobin concentration, multiplied by the percentage of he¬ 
moglobin that is carrying oxygen (% saturation), multiplied by the 
oxygen carrying capacity of hemoglobin (1.34 ml 0 2 /g Hb), plus the 
volume of oxygen directly dissolved in blood (0.003 ml/mm Hg 0 2 
tension): 

Oxygen Content = (1.34)(Hb)(S0 2 ) + (0.003)(P0 2 ) 
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Figure 6.2 — Reflection spectrophotometry, with in 
vivo fiber optic catheter, measuring light reflected by 
blood cells. 
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Normally, determination of cardiac output by the Fick method is 
impractical because of the need to measure all of the variables con¬ 
tained in the equation. However, the relationship between cardiac 
output and mixed venous oxygen saturation, described in the Fick 
equation, has clinical utility under certain circumstances. If oxygen 
consumption, arterial oxygen content, and hemoglobin remain con¬ 
stant for a period of time, then any change in cardiac output results 
in a change in mixed venous oxygen saturation, and the Fick equa¬ 
tion can be simplified: 


[Y - (Z)(Sv0 2 )] 


where X, Y, and Z are held constant, and Sv0 2 equals mixed venous 
oxygen saturation. 

Figure 6.1 illustrates the typical, non-linear relationship between 
Sv0 2 and cardiac output under conditions of constant oxygen con¬ 
sumption, arterial oxygen content, and hemoglobin. As cardiac out¬ 
put declines, the supply of oxygen to tissues declines also. Tissues 
then extract a greater percentage of the available oxygen from the 
blood, leaving relatively less oxygen in the venous blood returning 
to the heart. This is detected as a fall in mixed venous oxygen satu¬ 
ration, which is normally in the range of 60-80%. When mixed 
venous oxygen saturation falls below 50%, the supply of oxygen to 
tissues has generally become inadequate. 

The technology of reflection spectrophotometry allows mixed 
venous oxygen saturation to be measured and displayed continu¬ 
ously by the use of a fiber optic detection system incorporated into 
a pulmonary artery catheter (Figure 6.2). A change in Sv0 2 serves to 
alert the clinician to a change in the status of the patient. The 
change in Sv0 2 may be due to a change in cardiac output, if oxygen 
consumption, arterial oxygen content, and hemoglobin are constant 
(Figure 6.1); under these circumstances the Sv0 2 monitor may be 
used to follow trends in cardiac output. However, in critically ill 
patients, oxygen consumption, arterial oxygen content, or hemoglo¬ 
bin may change at any time. Therefore, cardiac output, arterial oxy¬ 
gen saturation, and hemoglobin should be measured before 
ascribing a major change in Sv0 2 to any particular cause. 
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Figure 7.1 — This branching diagram illustrates the 
differential diagnosis of hypotension and low cardiac 
output syndromes, using a pulmonary artery catheter 
with thermodilution cardiac output capability. 
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7.0 CLINICAL INTERPRETATION OF 
_ CARDIAC OUTPUT _ 

Blood pressure is the hemodynamic variable most frequently used 
to assess overall cardiovascular performance. Readily measured by 
noninvasive methods, blood pressure determination is clinically 
significant because blood flow to tissues can be inadequate when 
blood pressure is too low (a systolic pressure below 90 mm Hg or a 
mean blood pressure below 60 mm Hg is usually considered to be 
abnormal in an adult individual). However, a normal blood pres¬ 
sure does not always indicate optimal blood flow to the tissues. The 
volume of blood flow, hence the quantity of oxygen and other vital 
substrates that are delivered to tissues, must also be considered. 
Cardiac output serves as the variable that describes the total vol¬ 
ume of blood flow in the circulation per unit time. 

Cardiac output and blood pressure are related by the equation: 
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CO = 

(MBP - CVP) x 80 

SVR 

where 

CO = 

cardiac output 


MBP = 

mean blood pressure 


CVP = 

central venous pressure 


SVR = 

systemic vascular resistance (calculated 
after measuring the other variables) 


80 = 

proportionality constant related to units 
of measurement. 


This equation is analogous to the equation in electrical physics: 



I = 

E 



R 

where 

I = 

current (analogous to CO) 


E = 

voltage drop in the circuit (analogous to 
the pressure drop between the aorta and 
the right atrium, MBP - CVP) 


R = 

resistance (analogous to SVR). 


Hypotension is a common problem in critical care medicine and 
can be divided into two major categories, based upon whether the 
hypotension is due primarily to low cardiac output or low resis¬ 
tance (SVR). The therapy for this condition differs depending upon 
the cause. If cardiac output is low, as in patients with cardiac failure 
or hemorrhagic shock, treatment focuses on improving cardiac out¬ 
put. If cardiac output is normal or elevated and resistance is low, as 
in bacterial sepsis or an allergic reaction, the therapy aims to in¬ 
crease the SVR by pharmacologic means (Figure 7.1). The ability to 
measure cardiac output as well as blood pressure enables the clini¬ 
cian to manipulate the abnormal cardiovascular system in a rational 
fashion to improve blood flow to tissues. 

The cardiac output is also useful for understanding and manipu¬ 
lating the pumping function of the heart. The Frank-Starling 
mechanism defines a characteristic relationship between the vol¬ 
ume of blood filling the left ventricle (end-diastolic volume) and the 
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Figure 7.2 — The Frank-Starling relationship between 
left ventricular stroke work and left ventricular end- 
diastolic volume is illustrated for hearts with normal 
function, depressed function, and function enhanced 
by inotropic drugs. In the clinical setting, left ven¬ 
tricular stroke work (LVSW) is often replaced by 
cardiac output (CO), stroke volume (SV), or ejection 
fraction (EF). End-diastolic volume is replaced by left 
atrial pressure (LAP) or pulmonary artery wedge or 
occlusion pressure (PCWP). 
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amount of blood pumped by the heart during each contraction (left 
ventricular stroke volume) (Figure 7.2). As the blood volume in the 
left ventricle increases, the cardiac muscle stretches, develops 
greater mechanical energy during contraction, and ejects greater 
volumes of blood. However, if the ventricle becomes too large, the 
heart muscle overdistends and stroke volume actually declines. 
Ventricular filling volume is usually determined by measuring fill¬ 
ing pressure in the clinical setting, since ventricular filling volume 
and filling pressure are closely related. The pulmonary artery 
wedge pressure, measured with a pulmonary artery catheter, serves 
as a close approximation of left ventricular end diastolic pressure. 
The ventricular filling pressure (and volume) can be manipulated 
by administering appropriate drugs and fluids, to optimize cardiac 
output and treat various cardiovascular abnormalities. 

The condition of low cardiac output is another common problem 
in critical care medicine that can be divided into two major catego¬ 
ries, based upon whether pulmonary artery wedge pressure is high 
or low. If pulmonary artery wedge pressure is low, the first step in 
improving cardiac output is to administer intravenous fluids to in¬ 
crease the left ventricular filling volume. If pulmonary artery wedge 
pressure is too high, the cardiac output is low because the ventricle is 
failing to contract normally. This problem can be treated by adminis¬ 
tering drugs (inotropes) to improve contractility. If the ventricle is 
overdistended, vasodilating drugs can also be used to lower left ven¬ 
tricular filling volume to a point where the Frank-Starling mecha¬ 
nism results in optimal cardiac output. 

8.0 METHODOLOGY FOR PLACEMENT OF THE 
_ PULMONARY ARTERY CATHETER _ 

Placement of a pulmonary artery catheter is ordinarily a relatively 
simple procedure that can be accomplished in 10 to 20 minutes by 
an experienced practitioner. Catheter insertion can be divided into 
two stages: gaining intravascular access and then floating the pul¬ 
monary artery catheter into the pulmonary artery. 

Intravascular access is usually obtained by the Seldinger tech¬ 
nique in which a needle is inserted into an appropriate vein, first 
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Figure 8.1 — (a) The introducer sheath is placed over 
the guidewire that was previously inserted into the 
vein, (b) The introducer sheath is advanced over the 
guide wire, through the skin, and into the vein, (c) The 
guide wire is removed, leaving the introducer sheath 
in the vein, (d) The pulmonary artery catheter is 
advanced into the vein through the introducer sheath. 
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Figure 8.3 — The characteristic pressure waveforms 
recorded from the distal port of the pulmonary artery 
catheter: The catheter passes from right atrium, to 
right ventricle, to pulmonary artery, and to pulmo¬ 
nary artery wedge position. 
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identified by the aspiration of blood into a syringe attached to the 
needle (Figure 8.1). A flexible wire is then threaded through the 
needle and advanced well into the vein. After removing the needle 
from the wire, a pulmonary artery catheter introducer sheath is 
placed over the wire and inserted into the vein, using the wire as a 
guide. The introducer sheath serves as a conduit for the pulmonary 
artery catheter. 

Any superficial vein large enough to accommodate the introducer 
sheath could theoretically be used for placement of the pulmonary 
artery catheter. However, the large veins of the upper body, either the 
internal jugular veins of the neck or the subclavian veins, which are 
located just below each clavicle, are usually used for practical reasons 
(Figure 8.2). Under unusual circumstances the basilic vein of the arm 
or the femoral vein in the groin can be used as well. 

Once the introducer sheath has been situated, the pulmonary ar¬ 
tery catheter is inserted through the introducer sheath and ad¬ 
vanced until the tip of the catheter reaches the right atrium. This 
point is identified by determining the typical distance from the in¬ 
troducer sheath to the right atrium and by the appearance of a right 
atrial pressure tracing from the distal port of the pulmonary artery 
catheter. The balloon of the pulmonary artery catheter is then in¬ 
flated and the catheter is advanced. The balloon floats the catheter 
tip into the stream of blood as it flows into the right ventricle, 
through the pulmonic valve and into the pulmonary artery. The lo¬ 
cation of the catheter can be determined at any time by the charac¬ 
teristic appearance of the pressure tracing from the right ventricle 
or pulmonary artery (Figure 8.3). After entering the pulmonary ar¬ 
tery, the catheter is advanced slowly with the balloon inflated until 
the balloon wedges in the artery and the characteristic pulmonary 
artery wedge pressure (or occlusion pressure) tracing is obtained. 
This is the downstream pressure, beyond the inflated balloon, 
which ordinarily reflects left ventricular filling pressure (Figure 8.4). 

Placement of the introducer sheath and the pulmonary artery 
catheter is relatively safe but entails certain risks. Complications 
comprise those associated with placement of the introducer sheath 
and those associated with the pulmonary artery catheter. Complica¬ 
tions associated with obtaining vascular access include pneumo- 


53 




Figure 8.4 — The pulmonary artery catheter with its 
relationships to the heart, lung, and pulmonary 
vessels: When the balloon is inflated to occlude the 
pulmonary artery, the distal port of the catheter 
measures the venous backpressure downstream from 
the balloon. This pressure ordinarily reflects left atrial 
pressure, as shown in the inset diagram. 
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thorax and needle puncture of nearby arteries, such as the carotid 
or subclavian arteries. Pneumothorax typically requires evacuation 
by placement of a chest tube. Complications associated with the 
pulmonary artery catheter include ventricular arrhythmias, such as 
premature ventricular contractions (PVCs), bundle branch block, 
complete heart block, pulmonary infarction, perforation of the heart 
wall, and perforation of the pulmonary artery. In a report of 6,245 
cases, Shah and co-workers noted the following incidence of com¬ 
plications: PVCs requiring therapy (3.1%), right bundle branch 
block (0.048%), left bundle branch block (0.016%), complete heart 
block (0.016%), perforation of the pulmonary artery (0.08%), minor 
pulmonary infarcts (0.064%), and perforation of the right ventricle 
(0.016%). 48 Perforation of the pulmonary artery is generally the 
most serious complication and resulted in one death in the series re¬ 
ported by Shah. The other complications listed are not ordinarily fatal. 
The overall incidence of complications from placement of pulmonary 
artery catheters is small enough that the benefits of catheterization ap¬ 
pear to exceed the risks in appropriate cases. 
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12.0 GLOSSARY 


Afterload—The resistance against which the left 
ventricle of the heart ejects blood. 

Aorta—The main artery that receives the output of the 
left ventricle of the heart and distributes blood 
to the entire body. 

Artifact—Distortion, aberration or inaccuracy in the 
data obtained from a monitoring device. 

Autonomic nervous system—The division of the 
nervous system that regulates involuntary 
action, such as that of the heart, intestines, and 
glands; divided into the sympathetic and 
parasympathetic nervous systems. 

Bioimpedance—Technique for measuring cardiac 

output that makes use of the change in electrical 
resistance of the chest occurring with ejection of 
blood from the left ventricle of the heart into the 
aorta. 

Blood gas analyzer —A laboratory instrument dedi¬ 
cated to the measurement of pH and partial 
pressures of oxygen and carbon dioxide in blood. 

Calorie deficit—The difference in heat content 

between blood and the cold indicator fluid that 
is injected for the determination of cardiac 
output by thermodilution. 

Cardiac index—Cardiac output divided by the body 
surface area; 1/min/m 2 . 

Cardiac output—The volume of blood pumped by the 
heart per unit time, usually expressed in liters 
per minute (1/min); also the product of heart 
rate and stroke volume. 

Cardiovascular system—The heart and blood vessels. 

Carrier frequency—The frequency of sound emitted by 
the sending unit of a Doppler ultrasound device. 

Catheter—A tubular medical device for insertion into 
the body in order to withdraw fluids, keep a 
passage open, or measure an internal body 
parameter such as a pressure. 

Central venous pressure (CVP)—The venous pres¬ 
sure as measured at the right atrium; also called 
right atrial pressure (RAP). 

Circulatory system—See cardiovascular system. 

Compliance—The change in volume of a hollow, 

distensible structure resulting from the applica¬ 
tion of a pressure differential across the wall of 
the structure; specifically, the relationship 
between pressure and volume in the left 
ventricle of the heart. 

Contractility—The ability of a muscle to shorten or 
develop increased tension. 

Co-oximeter—An instrument for measuring the 
degree that hemoglobin in blood is combined 
with oxygen, usually expressed as the percent¬ 
age saturation. 


Densitometer—An instrument for measuring the 
optical density of a material. 

Dextrose solution—A liquid mixture of water and 
dextrose, a sugar (also called glucose). 

Diastole—The portion of the cardiac cycle when the 
heart fills with blood, prior to systole. 

Doppler principle—An apparent change in the fre¬ 
quency of waves, as of sound or light, occurring 
when the source and observer are in motion 
relative to one another, with the frequency 
increasing when the source and observer approach 
one another and decreasing when they move apart. 

Dye dilution method—An indicator dilution method for 
measuring cardiac output that uses dye, usually 
indocyanine green, as the indicator substance. 

Endotracheal tube—A tube inserted into the trachea to 
establish a clear passage for breathing. 

Fick method—A standard laboratory method for 

determining cardiac output by measuring the rate 
of oxygen uptake from the lungs and the oxygen 
content of arterial and central venous blood. 

Fluoroscopy—An x-ray device that projects the 

radiographic images onto a video screen, rather 
than onto photographic film, in order that the 
images can be viewed in real time. 

Frank-Starling mechanism—The relationship between 
the stroke work and the end-diastolic volume of 
the left ventricle of the heart. In clinical practice, 
stroke volume or cardiac output are often 
substituted for stroke work, and end-diastolic 
volume is replaced by pulmonary artery wedge 
pressure (end-diastolic volume refers to the 
volume of blood in the ventricle at the moment 
immediately preceding systole, also the largest 
volume of the ventricle during the cardiac cycle). 

Heart rate—The number of beats (contractions) of the 
heart in a unit of time (usually beats per minute). 

Hemoglobin—The iron-containing protein in red 
blood cells that carries oxygen. 

Hormone—A chemical messenger produced by one 
organ and then carried in the blood stream to 
another organ that is chemically stimulated by 
the substance. 

Hypertonic saline—A solution of salt and water that 
has an osmolarity greater than blood. 

Hypothermia—Body temperature that is below normal. 

Indicator dilution technique—A method for measuring 
cardiac output. A substance is injected into the 
circulation and the concentration of this substance 
is measured downstream from the injection site. 
The extent of dilution of the indicator is directly 
proportional to cardiac output. 

Inotrope—Drug that increases cardiac contractility. 
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Mean arterial pressure—The mean blood pressure in 
the arteries. 

Mixed venous oxygen saturation (of hemoglobin)— 

Abbreviated as Sv0 2 , a measurement of the 
oxygen saturation of hemoglobin at the point of 
oxygen for carbon dioxide exchange; reflects the 
balance between oxygen delivery and oxygen 
consumption in the body as a whole. 

Nomogram—A chart representing numerical relation¬ 
ships; also called a nomogram or alignment chart. 

Partial pressure of oxygen (P0 2 )—The pressure that 

oxygen would exert if it were alone in a container. 

Partial pressure of arterial oxygen (Pa0 2 )—Partial 
pressure of oxygen in arterial blood. 

Partial pressure of venous oxygen (Pv0 2 )—Partial 
pressure of oxygen in venous blood, usually 
venous blood from the pulmonary artery (also 
called mixed venous blood). 

Pneumothorax—The accumulation of air in the pleural 
cavity because of a hole in the lung or chest wall. 

Preload—In isolated heart muscle, the force used to 
stretch the muscle to a particular length. In the 
intact heart, the end-diastolic wall stress. Because 
end-diastolic wall stress is not easily determined, 
end-diastolic pressure or volume are usually 
used in the clinical setting to estimate preload. 

Pulmonic valve—The heart valve between the right 
ventricle and the pulmonary artery. 

Pulmonary artery catheter—A catheter designed to be 
inserted in the pulmonary artery. The most 
commonly used type of pulmonary artery 
catheter, balloon-tipped and flow-directed type, 
is also called the Swan-Ganz catheter. 

Pulmonary artery wedge pressure—The downstream 
pressure measured from the distal port of the 
pulmonary artery catheter with the balloon 
inflated to occlude the pulmonary artery. This 
pressure usually reflects left atrial and left 
ventricular end-diastolic pressures; also called 
the pulmonary artery occlusion pressure or 
pulmonary capillary wedge pressure. 


Spectrophotometry—A laboratory technique for 

measuring the alteration of light passed through 
a substance in order to characterize or quantify 
the substance. 

Sternal notch—The indentation of the upper edge of 
the sternum (breast bone). 

Stethoscope—An instrument used to listen to sounds 
produced within the body. 

Stroke volume—The amount of blood ejected by each 
cycle of contraction of the heart. 

Swan-Ganz catheter—See pulmonary artery catheter. 

Systole—Contraction of the heart muscle. 

Thermistor—A resistor made of semiconductors 
having resistance that varies rapidly and 
predictably with temperature. 

Thermodilution—An indicator dilution technique for 
measuring cardiac output that uses a cold fluid 
as the indicator substance. 

Theta—For a Doppler ultrasound device, the angle 
between the emitted sound and the moving 
object that reflects the sound. 

Tricuspid valve—The heart valve between the right 
atrium and right ventricle. 

Ultrasound—Ultrahigh frequency sound (20,000 cycles 
per second). 

Ventilatory cycle—Alternating inflation and deflation 
of the lungs. 

Wedge pressure—See pulmonary artery wedge 
pressure. 
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